We have doubled the frequency of a single mode distributed Bragg reflection (DBR) semiconductor laser. The laser is optically locked to an external enhancement ring resonator that contains an antireflection coated potassium niobate crystal. Unlike Fabry-Perot cavity lasers the DBR laser is found to operate in only one longitudinal mode and allows stable second harmonic generation. We present the results obtained with a singly and doubly resonant cavity. A total output of 1.2 mW tunable single mode radiation near 486 nm has been generated from a laser output power of 25 mW at 972 nm without the use of optical isolators or active feedback control.
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We have doubled the frequency of a single mode distributed Bragg reflection (DBR) semiconductor laser. The laser is optically locked to an external enhancement ring resonator that contains an antireflection coated potassium niobate crystal. Unlike Fabry-Perot cavity lasers the DBR laser is found to operate in only one longitudinal mode and allows stable second harmonic generation. We present the results obtained with a singly and doubly resonant cavity. A total output of 1.2 mW tunable single mode radiation near 486 nm has been generated from a laser output power of 25 mW at 972 nm without the use of optical isolators or active feedback control.
With the progress in the development of semiconductor laser diodes one can envision that in the future, expensive and large tunable laser systems may be replaced by compact and efficient laser sources. Today, laser diodes with an output power of several hundred milliwatts' are available with improved spectral linewidth."z3 Second harmonic generation allows the extension of the limited wavelength range of laser diodes into the green and blue part of the optical spectrum. Efficient frequency doubling is possible in nonlinear waveguides. However, efficient coupling of the laser output into the waveguide mode has yet to be solved satisfactorily. An alternative approach is to place a nonlinear crystal inside an external passive optical cavity, which enhances the fundamental radiation and increases the conversion efficiency by one to two orders of magnitude.516 This method demands a technique to keep the laser output in resonance with the external resonator. This can be done either by actively controlling the resonance frequency of the resonator by locking it to the laser frequency' or alternatively by exploiting the high feedback sensitivity of the semiconductor laser and optically locking the laser diode to the external resonator."" In this case, no electronic servoloop is necessary.
In the experiment described in this letter we have used a DBR laser operating at 972 nm as our source. Different to the common Fabry-Perot type laser diodes the gratings in the DBR laser force single longitudinal mode operation." Details of the fabrication and the characteristics of the DBR laser are given elsewhere." We have found that a very stable optical lock to an external ring resonator is easily achieved without the use of optical isolators or active feedback control. The light required for feedback stabilization is generated by scattering radiation from the forward to the reverse traveling mode of the external resonator." The resonator contains a potassium niobate crystal which may be noncritically phase matched at 972 nm by using the nonlinear coefficient di3 and controlling the temperature.
To further increase the conversion efficiency we have also formed a doubly resonant cavity in which the fundamental and the second harmonic wave are simultaneously enhanced in the external resonator. This demonstration of a doubled diode based laser source at 486 nm is the initial step to develop a compact light source for high resolution spectroscopy of atomic hydrogen. This requires a second doubling step in order to generate tunable, single mode radiation at 243 nm which is required for this type of spectroscopy. ' * The experimental setup is shown in Fig. 1 . The DBR laser is mounted on a thermoelectric cooler and held in a housing purged with a small flux of dry nitrogen gas. .4 commercial collimator ( f = 6.5 mm) focuses the laser output at a distance of about 200 mm. The beam shows a small astigmatism. The distance between the foci of the Xand the y-plane is smaller than 1 mm. The far-field cross section is elliptic with a diameter ratio of about 5:l. It is possible to compensate the ellipticity and the astigmatism with a tilted curved mirror. However, the required radius of curvature of the mirror is too small to be practical. Therefore, we have introduced an additional astigmatism with a prism such that a mirror with a radius of curvature of 100 mm at an angle of about 100" is sufficient to obtain a fairly circular beam.
A short focal length lens (f=25 mm) matches the beam to the fundamental mode of a passive bow-tie ring resonator. The resonator consists of two identical curved dielectric mirrors, each with a radius of curvature.of 100 mm, and two plane mirrors. The curved mirrors are highly reflective at the fundamental and the second harmonic wavelength. The diode radiation is coupled in through a 3.2% transmission plane mirror and the harmonic blue light leaves the cavity through the second plane mirror. Two different output couplers have been used. In the singly resonant case, in which the resonator supports only the fundamental wavelength, the output coupler transmits 93% at 486 nm. In the doubly resonant case, the fundamental and the second harmonic wave are both resonantly enhanced with a 2.3% output coupler transmission at 486 nm. The separation between the curved mirrors (d,) is 106 mm. The optical path length (dZ) from one of the curved mirrors to the other via the plane mirrors is 750 mm. The cavity has two foci. The focus, halfway between the two plane mirrors has a beam waist of 0.32 mm at the fundamental light corresponding to a confocal parameter, b, of 650 mm. The second focus appears halfway between the two curved mirrors inside the doubling crystal and corresponds to a confocal parameter of 8.8 mm. The potassium niobate (KNbO,) crystal (5 X 3 X 3 mm) is cut normal to the b-axes. The surfaces are coated with dielectric antireflection layers for 972 and 486 nm. The polarization of the fundamental and the second harmonic wave are perpendicular to each other. Temperature tuned noncritical 90 phase matching is achieved at about -20 "C!, measured at the surface of the thermoelectric element which was used to cool the crystal. The temperature inside the crystal may be somewhat higher, but there is still a considerable deviation from the theoretically expected value of -5.5 oC.'2 The crystal is placed inside a housing which is purged by a small flux of nitrogen gas. 'Two openings of 2.5 mm diam allow the laser beam to pass through the housing. To achieve a homogeneous temperature, the crystal is placed in a groove which is cut in a rectangular piece of copper ( 13 X 8 X 8 mm) and covered by a copper lid which closes the groove. Figure 2 shows the temperature dependence of the iaser wavelength at an output power of 25 mW. The wavelength has been measured with a commercial wave meter. Within the tested temperature range the laser operates on the same axial mode. No mode hopping occurs, even if the pump current is interrupted for a short time or the temperature is rapidly changed. The measured temperature sensitivity is 0.07 run/Y!. All subsequent tests are carried out with the laser at room temperature and without an active temperature servocontrol.
The unlocked DBR laser tunes with current at approximately 750 MHz/mA. Close to a resonance of the external cavity the laser frequency optically locks to a longitudinal mode of the external cavity and stays locked over about a range of 0.15 mA. On resonance 60% of the incident light couples into the resonator. The ratio between the incident light power and the power circulating inside the cavity is 23 in the singly resonant case and 19 in the doubly resonant case. The locking range is highly sensitive to the amount of coupling between the forward and the reverse mode inside the resonator. If the mirrors are carefully cleaned and the crystal is aligned for minimal scattering the locking range is reduced to about 0.02 mA. It is possible to increase the locking range by placing an additional high reflecting flat mirror 160 mm behind the output coupler. Since the light passes the output coupler twice (0.18% transmission at 972 nm), 3.2 ppm of the light in the forward running mode is fed back to the reverse mode. This coupling is strong enough to guarantee a stable lock for any value of the pump current. The amount of light which is fed back into the laser can be estimated to be 0.2% of the incident light." Without the additional coupling mirror the locking range varied with the transverse position of the crystal. However it was always possible to find a spot at the crystal surface, where scattering is sufficient to obtain a stable lock. Figure 3 shows the power of the doubled light as a function of the circulating power inside the resonator. The second harmonic power depends quadratically on the fundamental power. The experimental ratio of the output power P,,h at 486 nm and the square of the circulating fundamental power P,+ 7: = P,,,/pf= 0.0039. Theoretically one expects q= (2 C$ df3 L h)/(%-ec c4 n2)=0.0082. This value is determined by the nonlinear coefficient d,,= 15.8 pm/V, l2 the crystal length L = 5 mm, the fundamental angular frequency w,, the index of refraction n=2.22, the fundamental constants c and .q and the h-function which describes the geometry of the laser beam inside the crystall3 In our case h=OS. The discrepancy of 2.1 between theoretical and experimental value of h is probably due to temperature inhomogeneities in the crystal which leads to an imperfect phase matching.
In the doubly resonant version the fundamental and the second harmonic wave have to be kept on resonance simultaneously. Because of different phase shifts caused by the mirrors at the two wavelengths, the resonance at 972 nm does not necessarily coincide with the resonance at 486 nm. It is possible to exploit the dispersion of air to adjust the frequency separation between the tw.0 resonances.14 A change in the optical path length d2 of 7.2 mm is enough to shift the resonance at 972 nm one free spectral range relative to the resonance at 486 nm. The position of the output coupler has been chosen such that simultaneous resonance occurred at the optimum phase matching temperature. To maintain the simultaneous resonance the crystal temperature has to be stable with in several mK since a change in temperature causes a difference in the index of refraction for the two waves. The passive temperature stability of the crystal mount was good enough to keep the fundamental and the second harmonic wave on resonance for about 10 s. For longer times an active temperature control was necessary to achieve stable operation. The losses at 486 nm turned out to be unexpectedly high (6% for the crystal and 1.5% per mirror) resulting in a finesse of 45. However the conversion efficiency in the doubly resonant case is still four times enhanced (h:=P,,/ pf=0.016) which is in good agreement with the theoretically expected enhancement factor E=4.3, [E= T/( 1 -,/w)2], F: finesse at 486 nm, T: output coupler transmission.t5 Since the improved conversion efficiency causes additional losses for the fundamental wave, the total output of 1.2 mW at 486 nm is only enhanced by a factor of 2 compared to the singly resonant case. In fact, on the resonance of the second harmonic wave, we observed a depletion of the circulating fundamental light of 30%.
Efficient second harmonic generation of the radiation of a DBR-semiconductor laser at 972 nm has been demonstrated. In the singly resonant version, a maximum output power of 0.65 mW at 486 nm has been generated from 25 mW output power of the laser diode. In the doubly resonant version stable operation was possible and 1.2 mW of blue light was generated. In accordance with theory, the conversion efficiency 77 was improved by a factor of four relative to the singly resonant version. An output coupler with optimized transmission would double the observed output power. Another factor of two may be gained by optimizing the radius of curvature for the resonator mirrors.
